Acta Pharmaceutica Sinica B 2021;11(9):2685—2693

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

A novel w-conotoxin Bu8 inhibiting N-type L)
voltage-gated calcium channels displays potent
analgesic activity

Jingin Chen®, Xinhong Liu"™?, Shuo Yu?, Jia Liu®, Rongfang Chen?,
Yunxiao Zhang®, Ling Jiang”*, Qiuyun Dai**

Beijing Institute of Biotechnology, Beijing 100071, China

®Key Laboratory of Magnetic Resonance in Biological System, State Key Laboratory of Magnetic Resonance and
Atomic and Molecular Physics, Wuhan Center for Magnetic Resonance, Innovation Academy for Precision
Measurement Science and Technology, Chinese Academy of Sciences, Wuhan 430071, China

“College of Life Science, Hunan Normal University, Changsha 410081, China

YUniversity of Chinese Academy of Sciences, Beijing 100049, China

Received 21 December 2020; received in revised form 13 February 2021; accepted 1 March 2021

KEY WORDS Abstract  w-Conotoxins inhibit N-type voltage-gated calcium (Cay2.2) channels and exhibit efficacy in
attenuating neuropathic pain but have a low therapeutic index. Here, we synthesized and characterized a
novel w-conotoxin, Bu8 from Conus bullatus, which consists of 25 amino acid residues and three disul-
fide bridges. Bu8 selectively and potently inhibits depolarization-activated Ba>* currents mediated by rat

N-type calcium ion
channel;
w-conotoxin;

Bus: Cay2.2 expressed in HEK293T cells (IC5o = 89 nmol/L). Bu8 is two-fold more potent than w-conotoxin
Analgesic activity; MVIIA, a w-conotoxin currently used for the treatment of severe chronic pain. It also displays potent
Structure—activity analgesic activity in animal pain models of hot plate and acetic acid writhing but has fewer side effects

relationship on mouse motor function and lower toxicity in goldfish. Its lower side effects may be attributed to its

faster binding rate and higher recovery ratios. The NMR structure demonstrates that Bu8 contains a small
irregular triple G-strand. The structure—activity relationships of Bu8 Ala mutants and Bu8/MVIIA hybrid
mutants demonstrate that the binding mode of Cay2.2 with the amino acid residues in loop 1 and loop 2
of Bu8 is different from that of MVIIA. This study characterizes a novel, more potent w-conotoxin and
provides new insights for designing Cay2.2 antagonists.

Abbreviations: DIEA, diisopropylethylamine; ESI-MS, electrospray ionization-mass spectroscopy; Fmoc, N-(9-fluorenyl)methyloxy-carbonyl; HBTU, 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt, 1-hydroxybenzotriazole; ICsq, half-maximal inhibitory concentration; RP-
HPLC, reversed phase high-performance liquid chromatography; TFA, trifluoroacetic acid.
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1. Introduction

Conotoxins are active peptides derived from cone snail
venoms'?. They specifically target various ion channels (Na*,
K*, and Ca®?" channels) and membrane receptors (nicotinic
acetylcholine receptors (nAChR), N-methyl-p-aspartate receptor
(NMDAR) and G protein-coupled receptors, etc.)’ . w-Con-
otoxins belong to a family of conotoxins and are usually
composed of 25—40 amino acids folded with three disulfide
bonds (C-C-CC-C-C)°. To date, 22 w-conotoxins which inhibit L-
(Cayl.1), N-(Cay2.2) and P/Q-type (Cay2.1) calcium channels
have been characterized with several of these conotoxins spe-
cifically targeting Cay2.2” 2'. Cay2.2 is highly expressed in
superficial layers of the spinal cord and dorsal root ganglion
neurons and modulates pain and other physiological signal
processing”®~**. Currently, one w-conotoxin MVIIA (ziconotide)
has been approved as an analgesic by the U.S. Food and Drug
Administration (FDA)™". It selectively inhibits Cay2.2 and shows
potent analgesic activity to chronic pain. We previously identified
a new w-conotoxin SO-3 with similar inhibitory activity to
Cay?2.2 and analgesic potency compared to MVIIA, but it shows
lower side effects on motor function'”?®?”. However, current
Cay2.2 inhibitors still have apparent side effects because they
also affect the normal physiological function of Cay2.2, such as
motor functions”’. In addition, selectivity of Cay2.2/Cay2.1 and
reversibility also contribute to the side effects.

In order to discover new Cay2.2 inhibitors with higher potency
and lower side effects, we synthesized a series of w-conotoxins
from several cone snails (Conus achatinus, Conus bullatus and
Conus catus) and determined their potency to inhibit Cay2.2. We
discovered that a new w-conotoxin Bu8, whose amino acid
sequence is derived from genes of C. bullatus™® and significantly
different from that of MVIIA. Importantly, Bu8 potently and
selectively inhibited Cay2.2 with two-fold higher potency
compared to MVIIA. Bu8 displayed a low inhibitory activity
against Cay2.1, Cayl.l, sodium and potassium channels in rat
DRG neurons. To probe the functional amino acids, Ala mutants
of Bu8 were synthesized and evaluated. The analgesic activities of
Bu8 were further assessed in mice using hot plate and acetic acid
writhing pain models. The side effects of Bu8 were analyzed on
mice motor function, and its toxicity on goldfish. The results show
that Bu8 has higher or similar analgesic activity compared to
MVIIA in the pain models mentioned above, and lower side ef-
fects. To analyze the reasons of lower side effects, the binding
rates and the recovery ratios of Bu8 and MVIIA were compared.
Furthermore, the NMR structure of Bu8 was determined and
compared with MVIIA and SO-3. Based on the activity analyses
of Ala mutants of Bu8 and Bu8/MVIIA hybrid mutants, we found
that the binding mode of Cay2.2 with the amino acids in loop 1
and loop 2 of Bu8 are different from that of MVIIA. This study
provides a novel w-conotoxin with higher potency and new in-
sights for designing Cay2.2 antagonists.

2. Results
2.1.  Synthesis and characterization of Bu8 and its variants

After peptide folded in buffer at 4 °C for 24—48 h, HPLC analysis
showed that all linear peptides folded into one major peak and
several minor peaks. Fig. 1 shows a typical HPLC analysis (the
analyses of aim products see Supporting Information Figs.
S1—S15). Solutions containing folded products were concen-
trated in a preparative C18 column, eluted and lyophilized, and the
aim product was purified and assessed with analytical C18
reverse-phase HPLC. The purity of all peptides was more than
95%. The results of mass spectrometry (mictOTOF-Q II mass
spectrometer (Bruker, Bremen, Germany) showed that the pep-
tides had the expected molecular weights (Table 1°°, Figs.
S16—S30).

2.2.  Circular dichroism (CD) spectroscopy

CD spectra of Bu8 and its variants shows a §-sheet conformation
exists because positive Cotton effects around 245 nm and negative
ones around 205 nm (Fig. 2) were observed. Compared to Bu8,
S6A, T11A and T11L mutants exhibited a lower ellipticity, while
other mutants had similar or higher ellipticity, suggesting that the

B-sheet conformation contents are different among the
peptides™ ',
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b
c
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Figure 1 HPLC analyses of the folded products of linear BuS8.

Spectra from top to bottom: (a) Linear peptide; (b) The folding
products; (c) Purified Bu8. The crude linear peptides, folding products
and pure peptide were analyzed using an Agilent Eclipse Plus C18
(5 pm, 250 mm x 4.6 mm). The elution gradient is as follows:
0—1 min, 5%—5% B; 1—25 min, 5%—35% B; 25—28 min, 35%—95%
B (B is acetonitrile (0.1% TFA). The flow rate was 1 mL/min,
A = 214 nm.
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2.3.  NMR structure of Bu8

The structural statistics for Bu8 are given in Supporting Infor-
mation Table S1. The ensemble of the 20-lowest energy structures
and the ribbon representation are shown in Fig. 3A and B,
respectively. Bu8 adopts a canonical globular scaffold (Fig. 3A),
demonstrated as a inhibitory cysteine knot motif’ marked by 3
disulfide bonds that is consistent for all w-conotoxins in the all-
crossing pattern of 1—4, 2—5, and 3—6, as shown in Fig. 3B.
Bu8 also contains a small irregular triple §-strand, namely resi-
dues 6—8, 20—21, and 24—25. The disulfide bonds between Cys1
and Cys16 bring the N-terminal in close contact with the rigid (-
sheet part of the structure, and the disulfide bonds between Cys15
and Cys25 does the same with the C-terminal. The disulfide bond
between Cys8 and Cys20 additionally strengthens the triple-
stranded (-sheet by interconnecting $-strand 1 and 2. Within the
structure are two (-turns, characterized by a hydrogen bond be-
tween the carbonyl oxide of residue i and the amide hydrogen of
residue i4-3. One (-turn is between Lys 3 and Ser 6, the other
between Arg21 and Lys24. For the first S-turn, the Gly5 on the
i+2 position was also found to be absolutely conserved
throughout this set of peptides. The type of the second turn may
vary according to different residue types and in this case, it favors
a tight -turn due to the existence of the i+2 glycine. The whole
peptide chain is commonly divided into loops 1—4 by recognizing
the conserved cysteine distribution, C-(loopl)-C-(loop2) -CC-
(loop3)-C-(loop4)-C. While loop1 and loop4 are shown to be rigid
due to the formation of §-turns and §-strands, loop2 from Arg9 to
Aspl4 is less defined and serves as the binding site for voltage-
gated calcium channels where important binding residues
Argl0, Thrll, and Tyr13 reside.

2.4.  Inhibition of Cay2.2-mediated currents by Bu8 and its
mutants

The inhibitory activity of Bu8 and its mutants at Cay2.2 channels
was determined in HEK293 cells expressing «1B, 83 and «26
subunits. Representative traces of Cay2.2 depolarization-activated
Ba?" currents inhibited by 2 pmol/L Bu8 and MVIIA are shown in
Fig. 4A and B. The concentration—response curves and the sum-
mary of ICsg values of MVIIA, Bu8 and its mutants are shown in

Fig. 4 and Table 1. In the presence of extracellular solution con-
taining 20 mmol/L Ba®*, Bu8 potently inhibited Cay2.2 with an
ICs0 of 89 nmol/L, which is two-fold more potent than MVIIA
(ICs¢p = 208 nmol/L). A lower ICsy value of Bu8 (14.4 nmol/L)
was also obtained in the presence of 10 mmol/L Ba®", less than
half of that of MVIIA (34.3 nmol/L, Supporting Information
Fig. S31). Taking both the ‘run-down’ of Cay2.2 currents and
recording convenience into account, the extracellular solution
containing 20 mmol/L Ba®" was used to determine the inhibitory
activities of toxins.

When Ser6, Ser7, Ser12 and Asn22 were substituted with Ala,
the ICso values of Bu8[S6A], Bu8[S7A], Bu8[S12A] and Bu8
[N22A] were 68, 98, 107 and 87 nmol/L, respectively, which
corresponds to similar or lower potency compared to wild-type
Bu8. However, the ICsy values of Bu8 mutants Bu8[R3A]
(154 nmol/L), Bu8[R9A] (418 nmol/L) and Bu§[T11A]
(793 nmol/L) were significantly higher compared to wild-type
Bu8 (2, 4, and 9-fold, respectively). Together, these data suggest
that Arg3, Arg9 and Thrl11 are key functional amino acid residues,
while Ser7, Ser12 and Asn22 are not as functionally important.

In order to compare the mechanisms of action of Bu8 and
MVIIA, the Bu8/MVIIA hybrid mutants in loopl and loop2 were
selectively evaluated because the amino acid residues in loop3 and
loop4 are the same except for Asn22, which is not a functional
residue. After the replacement of Arg3, Arg9, Thrll, and Ser12
with the corresponding amino acids of MVIIA at the same positions
(i.e., Gly3, Ser9, Leull and Met12), the ICs, values of the resultant
variants Bu§[R3G] (IC5y = 129 nmol/L), Bu8[R9S] (136 nmol/L),
Bu8[S12M] (172 nmol/LL) and Bu8[N22S] (95 nmol/L) were
increased by 45%, 53%, 93%, and 7% compared to wild-type Bu8,
respectively. On the other hand, one mutant, Bu§[T11L], showed a
26% increase in potency (ICso = 68 nmol/L) compared to wild-
type Bu8. These results suggest that the higher potency of Bu8
compared to MVIIA relies on 3 amino acids, while a 4th amino
acid, T11, appears to counter-balance the other 3 amino acids a bit.
The overall potency of Bu8 is twice that of MVIIA, which appears
to result from not one single amino acid change, but from the
combined effect of all 4 amino acids.

Our results also show that Bu8 blocks Cay2.2 more rapidly
than MVIIA whereby at a concentration of 2 pmol/L, the onset of
block of Bu8 is 2.33 min compared to 3.50 min for MVIIA

Table 1  Amino acid sequence and inhibitory activities of Bu8 and its variants with respect to Cay2.2.

No. Name Amino acid sequence Theoretical MW 1Cso (nmol/L, 95%
(experimental, Da)* confidence intervals)

Bu8 Bu8 CKRKGSSCRRTSYDCCTGSCRNGKC* 2751.19(2752.11) 89 (85—93)

1 Bu8[R3A] CKAKGSSCRRTSYDCCTGSCRNGKC* 2666.13(2667.07) 154 (142—167)

2 Bu8[S6A] CKRKGASCRRTSYDCCTGSCRNGKC* 2735.20(2736.11) 68 (63—73)

3 Bu8[S7A] CKRKGSACRRTSYDCCTGSCRNGKC* 2735.20(2736.11) 98 (93—100)

4 Bu8[R9A] CKRKGSSCARTSYDCCTGSCRNGKC* 2666.13(2667.07) 418 (391—447)

5 Bu8[T11A] CKRKGSSCRRASYDCCTGSCRNGKC* 2721.18(2722.10) 793 (719—875)

6 Bu8[S12A] CKRKGSSCRRTAYDCCTGSCRNGKC* 2735.20(2736.13) 107 (98—116)

7 Bu8[N22A] CKRKGSSCRRTSYDCCTGSCRAGKC* 2708.19(2709.12) 87 (81-93)

8 Bu8[R3G] CKGKGSSCRRTSYDCCTGSCRNGKC* 2652.11(2653.06) 129 (111—150)

9 Bu8[R9S] CKRKGSSCSRTSYDCCTGSCRNGKC* 2682.12(2683.06) 136 (126—147)

10 Bu8[T11L] CKRKGSSCRRLSYDCCTGSCRNGKC* 2763.23(2764.14) 68 (65—70)

11 Bu8[S12M] CKRKGSSCRRTMYDCCTGSCRNGKC* 2795.20(2796.12) 172 (145—204)

12 Bu8[N22S] CKRKGSSCRRTSYDCCTGSCRSGKC* 2724.18(2725.11) 95 (90—100)

MVIIA MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC* 2637.15(2638.07) 208 (180—239)

SO-3 SO-3 CKAAGKPCSRIAYNCCTGSCRSGKC* 2559.13(2560.28) 160 (100—220)°

*C-terminus is amidated; #M-H, isotopic; n = 3—6.



2688 Jingin Chen et al.
A
B ..
4
24
2 )
= 0 = 01
=) =
E E
=2 -2 Bu8 P Bu8
g Bu8[R3A] E 4l Bu8[R3G]
o -4+ Bu8[S6A] g Bu8[R9S]
3 Bu8[S7A] = Bu8[T11L
= -6 BuS[RYA| "’g 6 B:8}SI2M]]
&l Bu8[T11A] R Bu8[N22S]
Bu8[S12A]
104 Bu8[N22A| 10
200 220 240 260 200 220 240 260
Wavelength (nm) Wavelength (nm)
Figure 2  Circular dichroism spectra of Bu8 and its variants. (A) and (B), CD of the peptides in 0.01 mol/L PBS (pH = 7.2). n = 3.
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Figure 3 3D NMR solution structures of Bu8 and its comparisons with MVIIA and SO-3. (A) Superposition of 20 structures of Bu8 with the

lowest energy, aligned with residues 2—7 and residues 19—24. The data were submitted to the BMRB database (ID: 36177) and the PDB database
(ID 5ZNU). (B) Bu8 backbone with disulfide bonds (C1—C16, C8—C20, and C15—C25) and §-sheet structure. (C) Comparison of the backbone
conformations of Bu8 (black), MVIIA (magenta), and SO-3 (cyan). The peptides are divided into loops 1—4, namely residues 2—7, 9—14, 17—19,
and 2124, respectively, interspaced by the cysteines. The toxins are aligned by backbone and the side chains of residues 2—7, 19—24.

(Fig. 4A and B). In contrast, Bu8 dissociates more rapidly after
block of Cay?2.2, shown by higher recovery ratios of Bu8 (52.6%)
compared to MVIIA (42.7%, Fig. 4E). Bu8 also specifically in-
hibits Cay2.2, with the inhibitory ratio of 10 pmol/L Bu§ at
Cay2.1 and Cayl.1 being 27.36 £+ 4.48% and 2.82 £+ 1.02%
(Fig. 5), respectively. Furthermore, 10 pmol/L Bu8 had no sig-
nificant effect on either voltage-gated sodium or potassium
channels in rat DRG neurons (Supporting Information Fig. S32).
10 pmol/L Bu8 also did not impact the function of heterologously
expressed Nayl.7 in HEK293 cells (Supporting Information
Fig. S33). These results suggest that w-conotoxin Bu§ selectively
inhibits Cay2.2 channels.

2.5.  Analgesic activity

The mice hot-plate pain model and acetic acid writhing model
were used to assess the analgesic activity of Bu8 and MVIIA. At
the three doses (0.33, 1, and 3 pg/kg) tested, Bu§ exhibited potent
analgesic activity compared to the saline group in the hot-plate
test, and the analgesic activities were similar to MVIIA at all
doses tested (Fig. 6). In the acetic acid writhing model, at low and
moderate doses (0.33 and 1.0 pg/kg) of Bu8, the writhing numbers
of mice was 19.7 + 4.3 and 10.8 &+ 2.6 times, which were
significantly lower than that for MVIIA (38.7 £ 3.4 and
32.4 £+ 5.7 times) and the saline group (53.4 + 6.1, 44.3 £+ 3.8

times, Fig. 6). These data suggest that Bu8 exhibits higher anal-
gesic activity than MVIIA. At the high dose (3.0 ng/kg), Bu8
(9.7 £ 2.5 times) and MVIIA (10.7 £ 2.3 times) exhibit similar
analgesic activity (P > 0.05) (Fig. 6). Taken together, these two
pain models indicate that Bu§ displays higher or similar analgesic
activities than that of MVIIA, particularly at lower doses.

2.6.  Acute toxicity of Bu8 to goldfish

Goldfish possess a relatively limited blood brain barrier and ex-
press some useful behavioral and pharmacologic parallels to the
higher vertebrates™, therefore, they were used to test the toxicity
of conotoxins. After intramuscular injections of Bu8 or MVIIA
into goldfish (Carassius carassius), we observed a dose-dependent
behavior of abnormal swimming and mortality (Fig. 7A). MVIIA
at 0.4 mg/kg resulted in 100% lethality of goldfish, whereas the
same lethality was reached with 0.7 mg/kg Bu8. During a 4 h
period, the LDs, doses of Bu8 and MVIIA in goldfish are 0.31
(0.22—0.41) mg/kg and 0.21 (0.18—0.24) mg/kg, respectively.
These results suggest that Bu8 has lower toxicity than MVIIA.

2.7.  Side effects on the coordinated locomotion in mice

Typical side-effects of w-conotoxins are motor disorders and
abnormalities in the nervous system, so the effects of Bu8 and
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w-Conotoxins Bu8, MVIIA, and Bu8 mutants inhibited Ba>" currents mediated by Cay2.2 channels co-expressed with cDNAs

encoding «1B, 83 and «2¢ subunits in HEK293 cells. (A) and (B) Representative traces of whole-cell currents elicited by a voltage step from a
holding potential of —90 mV to a test pulse of +20 mV for 100 ms with a 10 s interval per sweep. The time course of normalized currents of I,
blocked by Bu8 (A) or MVIIA (B) as indicated. (C) and (D) Concentration—response curves obtained for inhibition of Cay2.2 by Bu8, MVIIA,
and Bu8 mutants. Whole-cell patch clamp recording from HEK293 cells (n = 3—6). (E) The inhibition and recovery ratio obtained for Bu8 and

MVIIA at 2 pumol/L (n > 3). All data are presented as mean + SEM.

MVIIA were compared on the coordinated locomotion function
0.5 and 2 h after the administration of three doses of Bu8 and
MVIIA. 0.5 h after administration of conotoxins at three
different doses, 0.9, 3, and 9 pg/kg, the rotarod times (SEM)
were determined as 125.18 £+ 76.91, 39.00 £+ 34.85, and
17 £ 18.98 s for Bu8-injected mice, respectively (Fig. 7B and
C), which were significantly longer than that of the MVIIA
group (32.09 £ 24.94, 9.9 + 5.4, and 5.64 + 4.11 s, P < 0.001,
P < 0.05, P < 0.05). 2 h after administration, the Bu8 group
mice also exhibited significantly longer rotarod times at the low
and medium doses (0.9, 3 nmol/kg, P < 0.05) but not at a high
dose (9 nmol/kg, P > 0.05). Overall, Bu8 exhibits lower side
effects compared to MVIIA on the coordinated locomotion in
mice at similar doses.

3. Discussion

w-Conotoxin Bu8 potently inhibits Cay2.2 channels (89 nmol/L)
with twice the potency of MVIIA and SO-3. Bu8 also reversibly
inhibits Cay2.2 with high selectivity, its selectivity index for
Cay2.1/Cay2.2 is at least above 111, since the ICsq for Cay2.1
is <10,000 nmol/L (Fig. 5A). 10 pmol/L of Bu8 also had minimal
inhibitory effect on Cay1.1 channels (Fig. 5B). Bu8 also did not
significantly inhibit either voltage-gated sodium or potassium
channels in rat DRG neurons or Nay1.7 and Nay1.8 expressed in
HEK?293T cells (Supporting Information Figs. S32 and S33).
These results demonstrate that Bu8 is a selective and reversible
Cay2.2 inhibitor.

The structure—activity relationship of MVIIA showed that
Lys2 in loopl and the residues Ser9, Argl0, Leull, Metl12 and
Tyr13 in loop2 are very important for the affinity to Cay2.2°**.
Recently, we found that Lys6 in loopl, Ile11 and Asnl4 in loop2
are important functional amino acids for SO-3. Compared to

MVIIA® and SO-3°°, Bu8 has the same positively charged resi-
dues (Lys2, Argl0O, Arg21 and Lys24) and Tyr13, so we did not
change these residues’'**°. In addition, the amino acid residues
in loop3 and loop4 are almost identical. However, Bu8 exhibits the
most sequence variety and conformational flexibility in loop 2, in
which the hydrophobicity changes greatly because residues 9—12
(Arg-Arg-Thr-Ser) of Bu8 are highly hydrophilic compared to the
residues at the corresponding position of MVIIA (Ser-Arg-Leu-
Met) and SO-3 (Ser-Arg-lle-Ala). The backbone alignments
among these three peptides shown in Fig. 3C, suggests a less
defined folding of Bu8 in the region of loop2 and part of loop3.

CD spectra of the Bu8/MVIIA hybrid T11L and R9S reveal a
significant conformational change of the hybrid mutants compared
with Bu8 (Fig. 2). Furthermore, the structure—activity relationship
analyses reveal that Arg9 and Thrl1 are key functional amino acid
residues of Bu8, and Bu8/MVIIA hybrid mutants (Arg9/Ser9 or
Leull/Thr11) have lower inhibitory activities compared to Bu8.
These results suggest that the binding mode of Cay2.2 with Bu8
amino acids in loop2 may be different from that of MVIIA,
otherwise Bu8 could not be two-fold more potent than MVIIA.
The change of global conformation and charges could be the
reason of the different binding mode and the increased potency of
Bu8. Based on the structure—activity relationships of MVIA, SO-
3 and Bu8, we propose that there are two effective pharmaco-
phores in loop2 of w-conotoxins for their inhibitory activity at
Cay2.2 channels, one is “R(K)RTSYD”, and the other is “SR(K)
IM(A)YD(N)”. Naturally, some amino acid residues in loopl,
loop3 and loop4 are also important for the binding or structure
stability, such as Lys2 and Arg21°>.

The hot-plate pain model and acetic acid writhing model
demonstrate that Bu8 possesses higher or similar analgesic ac-
tivities compared to MVIIA (Fig. 6), while also exhibiting lower
side effects than MVIIA in the coordinated locomotion and
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Cay1.1 currents were recorded with a holding potential of —90 mV stepped to 420 mV. (A) Cay2.1, the concentration of peptide is 100 nmol/L
and 10 pmol/L; (B) Cayl.1, the concentration of Bu8 and nifedipine is 10 pmol/L. n = 4—5. All data are presented as mean + SEM.
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Analgesic activities of Bu8 in (A) and (B) mice hot plate pain model and (C) acetic acid writhing model. The pain threshold of mice

was measured after the administration of (A) MVIIA (0.33, 1, and 3 pg/kg, icv) or (B) Bu8 (0.33, 1, and 3 pg/kg, icv) or saline (icv). (C) 20 min
after the single administration of MVIIA (0.33, 1 and 3 pg/kg, icv) or Bu8 (0.33, 1 and 3 pg/kg, icv) or saline (icv), acetic acid was administrated
(i.p.) and the writhing number of mice was immediately counted for 5 min. Data were expressed as mean £ SEM (n = 12). *P < 0.5 and
**P < 0.01 vs. the MVIIA group at the same dose. All data are presented as mean + SEM.

goldfish toxicity experiments (Fig. 7). Because the ratio of ICsq
(Cay2.2) to inhibitory rate of Bu8 (100 nmol/L or 10 pmol/L
(Cay2.1)) is slightly higher than that of MVIIA (Fig. 5), its lower
side effects is not from the inhibition to Cay2.1, which is usually
considered as a source of side-effects for calcium channel in-
hibitors. The results of degradation by trysin demonstrate that Bu8
is enzymolysed slightly faster than that of MVIIA (Supporting
Information Fig. S34), suggesting that its relatively faster phar-
macokinetics in mice may contribute to its lower side-effects, but
this may not be the main reason since Bu8 showed higher and
similar analgesic activity in 4h. The lower side effects of Bu8 is
most likely due to its faster binding and dissociation as well as the
higher recovery ratios (52.6%) compared to MVIIA (42.7%,
Fig. 4E).

In summary, Bu§ is a potent and selective inhibitor of Cay2.2
and exhibits potent analgesic activity to acute pain and inflam-
matory pain. The binding and blocking of Cay2.2 by Bu8 provide
a new clue to designing Cay?2.2 inhibitors with high potency and
reduced side effects.

4. Experimental
4.1.  Chemicals and biological reagents

N-Fmoc-amino acids, DCC, HOBt, HBTU and TFA were pur-
chased from GL Biochem Ltd. (Shanghai, China). Rink resin
was obtained from Tianjin Nankai Hecheng S&T Company.
Dithiothreitol (DTT), cysteine, glutathione (GSH) and oxidized
glutathione (GSSG) were obtained from Gibco (Carlsbad, CA,

USA). Other chemical reagents were of analytical grade. The
plasmids of Cay2.2 (alg), Cay2.1 (alp), 26 and (3 subunits
were obtained from Addgene and deposited by Dr. Diane
Lipscombe.

4.2.  Animals

Kunming mice (18—22 g, 3—4 week old) were obtained from
Beijing Animal Center, China, and housed at 23 + 2 °C with a
relative humidity of 50% under a 12 h light/dark cycle. Food
pellets and water were available ad libitum. All experiments were
conducted in accordance with the guidelines of Animal Research
Advisory Committee in Beijing Institutes for Biological Science
and conformed to the European Community directives for the care
and use of laboratory animals.

4.3.  Peptide synthesis

The protected Bu8 and its variants were synthesized on Rink resin
described previously using an automatic peptide synthesizer
(Sophas P-1, Zinsser analytic, Germany) on a 0.1 mmol scale®’*'.
They are cleaved in the mixed solution (8.8 mL trifluoroacetic
acid (TFA), 0.5 mL water, 0.5 g DTT, 0.2 mL triisopropylsilane) at
room temperature for 3 h. After precipitation with cold diethyl
ether (150 mL), the crude peptide (0.2 mg/mL) was oxidized in
0.5 mol/L NHjAc buffer (pH 8.0) containing redox agents
(1 mmol/L GSH, 0.1 mmol/L GSSG, 1 mmol/L. EDTA) at 4 °C.
The aim products were then concentrated and purified by semi-
preparative RP-HPLC (Waters 1525, USA) using a CI8
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Figure 7

Toxicity of Bu8 on goldfish and mice coordinated locomotion. (A) Dose—response curves of Bu§ and MVIIA in goldfish. The LDs,

was analyzed by SPSS statistics software version 17.0 (Bliss) within a 4 h period of observation. Ten goldfish were used per dose level. (B) and
(C) Effects of Bu8 and MVIIA on coordinated locomotion in the rotarod test. 30 min (B) or 120 min (C) after the injection of each peptide (0.9,
3.0, 9.0 pg/kg, i.c.) or saline intracerebral injection (icv), mice were placed on the rotarod and the staying time was recorded (Section Experi-
mental). Data are presented as mean & SEM (n = 10). *P < 0.05, **P < 0.01, ***P < 0.01 vs. MVIIA at the same dose. All data are presented as

mean + SEM.

reversed-phase column (Kromasil, 250 mm x 10.0 mm, 100 A,
10 um). The purity of freeze-dried peptides was assessed using the
Agilent analytical HPLC (1200 Series, Eclipse Plus C18,
250 mm x 4.6 mm, 100 A, 5 um). The primary sequences of Bu8
and its variants are listed in Table 1.

4.4.  Circular dichroism (CD) spectra

CD spectra were measured using a BioLogic Mos 450 spec-
tropolarimeter (Grenoble, France) as described previously*'.
35 pumol/L peptide in 0.01 mol/L phosphate buffer (pH 7.2) was
added into a 0.1 cm path length quartz cell, three individual scans
(190—340 nm) were performed at 1.0 nm intervals with a band-
width of 1.0 nm.

4.5. NMR spectroscopy

Samples of Bu8 were dissolved in 90% H,0/10% D,O with
50 mmol/L sodium phosphate at pH 3.5—4.0. '"H-NMR and 2D-
NMR spectroscopy including NOESY, TOCSY and DQF-COSY
were recorded at 293K on a Bruker AVANCE III 850 MHz
spectrometer using TXI cryoprobe®”****. TOCSY spectra were
obtained using the mixing times of 40 and 80 ms. NOESY spectra
were determined with mixing times of 100, 200, 300, 400 and
750 ms, respectively. Spectra were processed using NMRPipe and
peak analyses were conducted in CARA 1.8.4.2. NOE intensities
of NOESY cross peaks were measured by CARA and converted
into distance constraints. 76 intra-residue distances, 76 sequential
distances, 27 non-sequential distances and 9 disulfide bond con-
straints were used in the final calculations in accordance with
other w-conotoxins. 200 structures were generated with the
simulated annealing algorithm of program Cyana, and 20 lowest-
energy states were chosen. Energy minimization were performed
using program CNS4. Structure validation was performed on the
website PSVS5-6. The data of chemical shifts and spectra were
submitted to the BMRB database (ID: 36177) and the PDB
database (ID: 5ZNU).

4.6.  Electrophysiological recording from HEK293T cells
expressing Ca®" ion channels

To assess the effects of Bu8 and its variants on Cay2.2 channels,
whole-cell currents through Ca®" channels were recorded using
perforated patch recording methods>”**. HEK 293 cells were co-

transfected with a total of 2 nug of rat Cay2.2 («lB), o206, 83
subunits and EGFP (the report gene) at a molar ratio of 1:1:1:0.6
for 4 h. 24 h after transfection, whole-cell patch clamp recordings
were performed using an Axoclamp 700B patch clamp amplifier
(Molecular Devices) at room temperature (~22 °C). The extra-
cellular solution contained: 135 mmol/L. N-methyl-p-glucamine
(NMDG), 20 mmol/L. BaCl,-2H,0, 2 mmol/L. MgCl,-2H,0 and
10 mmol/L HEPES (pH 7.2). The pipette electrodes had a final
resistance of 4—6 MQ, with an intracellular solution containing
(mmol/L): 140 CsCl, 10 NaCl, 1 EGTA and 10 HEPES (pH
adjusted to 7.3 with CsOH). Cay2.1 currents were recorded using
the same method as Cay2.2, but the Cay1.1 currents were recor-
ded with a holding potential of —90 mV stepped to +-20 mV. All
data were presented as means + stand error (SEM) (n = 3—6).
Half-maximal inhibitory concentrations (ICsps) were obtained
from the concentration—response curves of peptide blocking

Cay2.2 currents as described previously®’.

4.7.  Electrophysiological recording of Na* and K currents in
DRG neurons

Whole-cell patch-clamp recordings of voltage-gated Na and K™
currents of DRG neurons were performed as described previ-
ously*™*®, the experimental details were described in Supporting
Information.

4.8.  Electrophysiological recording of Nayl.7 and Nayl.8
expressed in HEK293 cells

Electrophysiological recordings of Nay1.7 and Nay1.8 expressed
in HEK293 cells were performed as described previously*’.
HEK?293 cells transferred with Nay 1.7 or Nay 1.8 plasmid together
with EGFP plasmid and electrophysiological recording conditions
were described in Supporting Information.

4.9.  Hot plate test

The hot plate test was used to assess the analgesic effects of the
peptides on female Kunming mice as described previously>>***,
The qualified mice (7 s <pain threshold <18 s) were randomly
divided into toxin groups and a saline group, each group contained
twelve animals. Pain threshold (reaction latency) on a hot plate

(85 £ 0.1 °C) was recorded at 0.5, 1, 2, 3 and 4 h, respectively,
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after intracerebral injection (icv) of peptide (10 pL, 0.33, 1 and
3 ng/kg) or saline (10 pL).

4.10.  Acetic acid writhing test

Male mice were randomly divided into nine groups including
three Bu8 groups, three MVIIA groups and three saline groups.
The dose of Bu8 or MVIIA was 0.33, 1 or 3 pg/kg (icv), and the
injection volume of saline was 10 pL (icv). 20 min after the toxin
or saline administration, 0.4 mL of 1% (v/v) acetic acid was
intraperitoneally injected into each mouse. After 5 min, the
number of abdominal contortions (writhes) was recorded during a
15 min period**~".

4.11. Toxicity of Bu8 to goldfish

The toxicity of Bu8 and MVIIA to goldfish was determined ac-
cording to previously reported method”’*%. Goldfishes (C. Car-
assius, 2.0 = 0.2 g, one year old, Xingshen fishing ground,
Beijing, China) were randomly divided into Bu8 and MVIIA
groups with ten goldfishes in each group. Different dose of pep-
tides was injected intramuscularly (6 pL/fish) into goldfish. 4 h
after administration of peptide, the number of deaths was recorded
and the medium lethal dose (LDso) was analyzed using the SPSS
statistics software version 17.0 (Bliss).

4.12.  Coordinated locomotion in rotarod test

Motor impairment was determined on the rotating rod (YSL-4C
rotarod fatigue apparatus, Academy of Medical Science of San-
dong Province, China)z(”so. 30 and 120 min after the administra-
tion (icv) of toxin (10 pL, 0.9, 3.0 and 9 nmol/kg) or saline
(10 pL), the half female and half male mice (n = 10) were then
placed on the rotating rod at a speed of 5 rpm. After 68 s, the rod
was accelerated from 5 to 30 rpm over a 3 min interval. The time
during which the mice remained balanced on the rod was recorded
(3 min as the maximum time).

4.13.  Data analysis

The results of analgesic tests were analyzed using one-way
ANOVA, followed by student-Newman-keuls test with Graph-
Gad prism 5 (GraphPad Software, La Jolla, CA, USA). All data
are presented as mean = SEM. A P value less than 0.05 was
considered statistically significant.
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